sons of two-, three-, and four-compartment models of body composition analysis in men and women. J. Appl. Physiol. 85(1): 238-245, 1998.-This study compared the traditional two-compartment (fat mass or FM; fat free mass or FFM) hydrodensitometric method of body composition measurement, which is based on body density, with three (FM, total body water or TBW, fat free dry mass)-and four (FM, TBW, bone mineral mass or BMM, residual)-compartment models in highly trained men (n ϭ 12), sedentary men (n ϭ 12), highly trained women (n ϭ 12), and sedentary women (n ϭ 12). The means and variances for the relative body fat (%BF) differences between the two-and three-compartment models [2.2 Ϯ 1.6 (SD) % BF; n ϭ 48] were significantly greater (P Յ 0.02) than those between the three-and four-compartment models (0.2 Ϯ 0.3% BF; n ϭ 48) for all four groups. The three-compartment model is more valid than the twocompartment hydrodensitometric model because it controls for biological variability in TBW, but additional control for interindividual variability in BMM via the four-compartment model achieves little extra accuracy. The combined group (n ϭ 48) exhibited greater (P Ͻ 0.001) FFM densities (1.1075 Ϯ 0.0049 g/cm 3 ) than the hydrodensitometric assumption of 1.1000 g/cm 3 , which is based on analyses of three male cadavers aged 25, 35, and 46 yr. This was primarily because their FFM hydration (72.4 Ϯ 1.1%; n ϭ 48) was lower (P Յ 0.001) than the hydrodensitometric assumption of 73.72%. hydrodensitometry; total body water; dual-energy X-ray absorptiometry; sedentary subjects; endurance athletes THE MEASUREMENT OF BODY composition is of interest to medical personnel, nutritionists, and sports scientists. Two of the traditional methods involve the determination of body density (BD) by hydrodensitometry and total body water (TBW) via isotopic dilution. These methods are based on the premise that the body can be separated into two chemically distinct compartments, namely, the fat mass (FM) and fat-free mass (FFM). The FM, which is defined as chemically extractable fat, is assumed to have a density of 0.9007 g/cm 3 (5) and be anhydrous, whereas the FFM is regarded as having a density of 1.1000 g/cm 3 (3) and a water content of 73.72% (3). Most of the error associated with these two-compartment models lies not in the technical accuracy of the measurements but in the validity of the previously outlined assumptions, which are based on analyses of just three male cadavers (3). Siri (21) was aware of this limitation, and he accordingly proposed a three-compartment model [FM, TBW, fat-free dry mass (FFDM)], which is based on measurements of both BD and TBW while a constant mineral-to-protein ratio of 0.35 is assumed. The three-compartment model, therefore, controls for interindividual variation in FFM hydration. The advent of recent body composition technology such as dual-energy X-ray absorptiometry (DEXA), which yields values for FM and bone mineral, has now facilitated the measurement in vivo of two (TBW, bone mineral) of the four (TBW, bone mineral, nonbone mineral, protein) FFM components. A fourcompartment model (FM, water, bone mineral, residual) of body composition analysis has therefore emerged (2, 7, 8, 11, 27) . This model is theoretically more valid than the three-compartment model because it controls for biological variability in both bone mineral and TBW.
THE MEASUREMENT OF BODY composition is of interest to medical personnel, nutritionists, and sports scientists. Two of the traditional methods involve the determination of body density (BD) by hydrodensitometry and total body water (TBW) via isotopic dilution. These methods are based on the premise that the body can be separated into two chemically distinct compartments, namely, the fat mass (FM) and fat-free mass (FFM). The FM, which is defined as chemically extractable fat, is assumed to have a density of 0.9007 g/cm 3 (5) and be anhydrous, whereas the FFM is regarded as having a density of 1.1000 g/cm 3 (3) and a water content of 73.72% (3) . Most of the error associated with these two-compartment models lies not in the technical accuracy of the measurements but in the validity of the previously outlined assumptions, which are based on analyses of just three male cadavers (3). Siri (21) was aware of this limitation, and he accordingly proposed a three-compartment model [FM, TBW, fat-free dry mass (FFDM)], which is based on measurements of both BD and TBW while a constant mineral-to-protein ratio of 0.35 is assumed. The three-compartment model, therefore, controls for interindividual variation in FFM hydration. The advent of recent body composition technology such as dual-energy X-ray absorptiometry (DEXA), which yields values for FM and bone mineral, has now facilitated the measurement in vivo of two (TBW, bone mineral) of the four (TBW, bone mineral, nonbone mineral, protein) FFM components. A fourcompartment model (FM, water, bone mineral, residual) of body composition analysis has therefore emerged (2, 7, 8, 11, 27) . This model is theoretically more valid than the three-compartment model because it controls for biological variability in both bone mineral and TBW.
Although two-, three-, and four-compartment body composition models have been compared previously (2, 7, 8, 11) , the effect of physical training on differences among these models and the assumptions inherent in the two-compartment models have only been examined when male weight trainers are compared with physically active but non-weight-training controls (17) . Also, the effect of aerobically orientated physical training on the relationship between DEXA estimates of relative body fat (%BF) and those via the four-compartment criterion model has not been fully explored. A final consideration is that the four-compartment model subtracts the masses and volumes of TBW and bone mineral from the mass and volume of the whole body that are measured during hydrodensitometry. This enables the remainder to be partitioned into fat and residual masses. However, the propagation of measurement error from the determinations of BD, TBW, and bone mineral may offset the increase in validity resultant from controlling for biological variability in the latter two variables. The aims of this study were therefore to 1) examine differences between two-, three-, and four-compartment models of body composition analysis in highly trained and sedentary men and women; 2) determine the effect of interindividual differences in TBW and bone mineral in the four preceding groups of subjects on the traditional two-compartment models that are based on hydrodensitometry and isotopic dilution; 3) assess the validity in highly trained and sedentary men and women of FM determined via DEXA against the criterion of FM measured by using the four-compartment model; and 4) calculate the extent to which measurement errors are propagated when body composition is estimated via the fourcompartment model.
METHODS
Subjects. Forty-eight young (18-36 yr) nonobese (Quetelet's index Ͻ29 kg/m 2 ) Caucasian subjects volunteered for this study. They all reported weight stability within Ϯ2.0 kg and good health for the preceding 2 yr. None was taking medications other than a contraceptive pill, and all the women were eumenorrheic. There were 12 subjects in each of the following 4 groups: sedentary men and women and highly trained men and women. The sedentary subjects reported abstinence from physical training for the previous 2 yr, whereas those who were highly trained had prepared for middle-distance running events or triathlons at a state or national level for at least the preceding 2 yr. This study was approved by the Flinders Medical Centre's Committee on Clinical Investigation, and informed consent was obtained in accordance with the established protocol for human subjects.
Protocol. All experiments were conducted when the subjects were 12 h postprandial, euhydrated, and had not exercised for 24 h. The effect of fluid retention by the women was minimized by not testing them either during the 7 days preceding menstruation or during menstruation. The BD and TBW tests were administered on the same morning to minimize within-subject biological variability. The DEXA measurements for 34 of the subjects were also conducted on the same morning as were the two other tests; however, it was not possible to schedule the DEXA test for 13 subjects until the following morning, and a combination of scheduling and menstrual cycle timing prevented 1 woman from being tested until 13 days later.
Hydrodensitometry. BD was measured by underwater weighing at residual volume. Corrections were made for water density and the ventilated residual volume that was determined by helium dilution with the subjects immersed in water to neck level and in the same posture as during the underwater mass determinations. Our methodology has been fully described elsewhere (28) . The %BF was then estimated by the equation of Brozek et al. (3) , and the FFM was obtained by subtraction %BF ϭ (497.1/BD) Ϫ 451.9
Our latest precision data for two trials in six subjects yielded an intraclass correlation coefficient of 0.998 and a technical error of measurement (TEM) (4) of 0.3% BF.
TBW. This was measured by 2 H 2 O dilution. A saliva sample was collected from subjects on their arrival at the laboratory to determine the background 2 H 2 O concentration. A 40-mg 2 H 2 O/kg dose, which was adjusted to ϳ100 ml with distilled water, was then drunk through a straw. The container was furthermore rinsed three times with ϳ30 ml of distilled water, which was also ingested by the subject. An equilibrium saliva sample was taken 3.5 h later. Precautions were taken to minimize isotopic fractionation during the collection of all saliva samples. The subjects were not allowed to eat, drink, or exercise during the intervening period.
The 2 H 2 O concentrations in the doses and saliva samples were determined on a V. G. Micromass 602 D (Micromass, Manchester, UK) isotope ratio mass spectrometer that was calibrated against Vienna Standard Mean Ocean Water (V-SMOW) and International Atomic Energy Agency (IAEA) enriched standards 302A and 302B. The SDs for repeated trials on the background and two enriched standards were Յ1.0 and ϳ3.0‰, respectively. The isotope dilution space was calculated in accordance with the recommendations of Schoeller et al. (18) , who advocate a 4% correction factor for the exchange of 2 H 2 O with labile hydrogen of protein and other body constituents. Our latest reliability data for two TBW trials on consecutive days (n ϭ 5) produced an intraclass correlation coefficient of 0.999 and a TEM of 0.25 kg. Finally, if we assume that 72% of the FFM is water in the normally hydrated subject, then FFM (kg) ϭ TBW (kg)/72 ϫ 100 Finally, the FM was calculated by subtraction and represented as a percentage of the body mass.
DEXA. Measurements were conducted at the Royal Adelaide Hospital's Department of Nuclear Medicine with a Lunar DPX-L total body scanner (Lunar, Madison, WI) (14) by using version 1.3Z software in the medium scan mode (ϳ20 min). The machine was calibrated daily by using the phantom supplied by the manufacturer. The men and women were measured while wearing one-and two-piece bathing suits, respectively. Duplicate trials in six subjects yielded intraclass correlation coefficients of 1.0, 0.996, and 1.0 and TEM of 16, 300, and 252 g for bone mineral content (BMC), fat, and lean tissue mass (FFM Ϫ BMC), respectively.
The BMC reported in the DEXA printout represents ashed bone (23) . One gram of bone mineral yields 0.9582 g of ash (15) because labile components such as bound H 2 O and CO 2 are lost during heating at a temperature of over 500°C (3, 15) . The BMC or bone ash was therefore converted to bone mineral mass (BMM) by multiplying it by 1.0436 (11, 12) .
Derivation of two-, three-, and four-compartment models of body composition analysis. The classic two-compartment model of body composition analysis via hydrodensitometry partitions the body into the FM and FFM, which are assumed to have respective densities of 0.9007 (5) and 1.1000 g/cm 3 (3) at 36°C. If the body mass is equal to unity and FM ϩ FFM ϭ 1.0, then substitution of the preceding information into the following formula
The three-compartment model builds on the two-compartment model by measuring TBW in addition to BD. Hence we have three compartments, namely, the FM, TBW, and FFDM, the densities of which at 36°C are assumed to be 0.9007, 0.9937 (13), and 1.569 g/cm 3 (26), respectively. Substitution of these values into the following formula
The four-compartment model (FM, TBW, bone mineral, residual), which incorporates the additional variable of bone mineral, can be represented as follows
where BM density is bone mineral density, RM is residual mass, and R density is residual density. Statistical analyses. Relative body fat differences between the four groups (trained and sedentary men, trained and sedentary women) and three primary treatments (BD, TBW, DEXA) were examined by using a 4 ϫ 3 factorial design ANOVA with repeated measures across treatments. The corrected degrees of freedom were used if the assumption of sphericity was violated. Tukey's post hoc tests were conducted in the event of statistically significant F-ratios (P Յ 0.05) for the two main effects and their interaction. Interclass correlation coefficients were also computed among the %BF values for the three primary treatments.
Differences among the four groups for FFM density, FFM hydration, and %BMM in the FFM, which were calculated by using the four-compartment criterion model, were examined by using a 2 (activity level: sedentary and trained) ϫ 2 (gender: men and women) factorial design ANOVA. In the absence of statistical significance (P Յ 0.05), data were pooled for comparison with the two-compartment hydrodensitometric constants via single sample t-tests (P Յ 0.05).
The effect of interindividual variability in FFM hydration was determined by plotting the %BF difference between the three-and two-compartment models against the %BF from the four-compartment criterion model. The %TBW in the FFM (4-compartment model) was also regressed on the FFM density (4-compartment model). The effect of biological variability of the %BMM in the FFM was elicited by plotting the %BF difference between the four-and three-compartment models against the %BF from the four-compartment criterion model. The %BMM in the FFM (4-compartment model) was furthermore regressed on the FFM density (4-compartment model). Finally, the means and variances for the %BF differences between the two-and three-compartment models were compared with those between the three-and four-compartment models by using dependent t-tests (P Յ 0.05).
Differences between DEXA and the four-compartment criterion method for %BF were examined by using a 2 (methods) ϫ 4 (groups) factorial design ANOVA (P Յ 0.05) with repeated measures across methods.
The SE of estimate (SEE) and TEM from the reliability data for the measurement of BD, TBW, and BMM were used to calculate propagated errors for %BF (22) .
RESULTS
The %BF data are contained in Table 1 and graphed in Fig. 1 . The main effects for groups and treatments were both significant (P Ͻ 0.001). All pairwise comparisons among groups (trained men: 10.0% BF; sedentary men: 20.5% BF; trained women: 15.0% BF; sedentary women: 27.7% BF) were significant at P Յ 0.05, except those between the trained men and trained women and between the trained women and untrained men, both of which were significant beyond the 0.10 level. All pair- Fig. 1 was due to the DEXA %BF, which was significantly less (P Ͻ 0.05) than that via TBW for the trained men. Although interclass correlations among the three primary methods ranged from 0.946 to 0.983 (all P Ͻ 0.001), deviations from the lines of identity in Fig. 2 emphasize that some of the intraindividual differences are large.
The FFM density, FFM hydration, and BMM/FFM (%) data are presented in Table 2 . The main effects (activity level: P ϭ 0.88; gender: P ϭ 0.38) and interaction (P ϭ 0.63) for the 2 ϫ 2 factorial design ANOVA on FFM density were not statistically significant. The data were therefore pooled, and the overall mean of 1.1075 g/cm 3 was significantly greater (P Ͻ 0.001) than the two-compartment hydrodensitometric assumption of 1.1000 g/cm 3 . Individual FFM densities ranged from 1.0974 to 1.1177 g/cm 3 , and they resulted in hydrodensitometric over-and underestimates of 0.9 and 5.9% BF, respectively. The main effects (activity level: P ϭ 0.58; gender: P ϭ 0.57) and interaction (P ϭ 0.18) for FFM hydration were also not statistically significant, and the pooled mean of 72.4% was significantly less (P Ͻ 0.001) than the two-compartment hydrodensitometric assumption of 73.72%. However, there was a significant gender effect (P Ͻ 0.001) for BMM/FFM (%), but the main effect for activity level (P ϭ 0.12) and the interaction (P ϭ 0.08) was not statistically significant; the two activity groups for each gender were therefore pooled. The mean of 6.13% for women was significantly greater (P Ͻ 0.001) than the two-compartment hydrodensitometric constant of 5.63%, but the value of 5.68% for men differed little (P ϭ 0.50) from its hydrodensitometric counterpart.
In Fig. 3 , the deviations from the horizontal dotted line at zero on the ordinate range from Ϫ1.5 to 5.6% BF and represent the large errors that occur when there is no control for biological variability in TBW. Figure 4 also demonstrates the inverse linear relationship (r ϭ Ϫ0.897; P Ͻ 0.001) between FFM density and its water content. However, Fig. 5 shows that, despite the significant linear relationship (r ϭ 0.653; P Ͻ 0.001) between FFM density and BMM/FFM (Fig. 6) , controlling for interindividual differences in the BMM had little effect on the %BF values of our subjects. Individual differences between the two-compartment hydrodensitometric and three-compartment models for all five groups accordingly exhibited significantly (P Յ 0.02) greater means and variances than those between the threeand four-compartment models.
There was a significant interaction effect (P Ͻ 0.001) for the 4 ϫ 2 factorial design ANOVA. The %BF values in Table 1 accordingly indicate that the differences between DEXA and the four-compartment model increase as the %BF decreases. Hence, although there was no difference (P ϭ 0.37) between the two methods for the untrained women, the differences for the sedentary men (P ϭ 0.019), trained women (P ϭ 0.002), and trained men (P Ͻ 0.001) were all statistically significant. Our earlier reported reliability data for the measurement of BD, TBW, and BMM yielded SDs for propagated error of 1.0 and 0.6% BF for the SEE and TEM data, respectively.
DISCUSSION
The two-compartment BD or hydrodensitometric model assumes a FFM density of 1.1000 g/cm 3 , which is invariant of age, gender, genetic endowment, and training (3). This density is based on analyses of just three male cadavers, ages 25, 35, and 46 yr (3). Our data challenge this assumption because the overall FFM density mean of 1.1075 g/cm 3 was significantly greater (P Ͻ 0.001) than 1.1000 g/cm 3 . This greater FFM density was primarily because the TBW, which at 0.9937 g/cm 3 has by far the lowest density of any of the four FFM components, comprised less than the twocompartment hydrodensitometric assumption of 73.72% FFM. Hence, Table 1 demonstrates that conventional hydrodensitometry underestimated the group means by 2.3-2.8% BF compared with the four-compartment criterion model. Accordingly, extrapolation of the regression (r ϭ Ϫ0.982; P Ͻ 0.001) of %BF via the fourcompartment model on measured BD indicated densities of 0.8700 and 1.1064 g/cm 3 for 100 and 0% BF, respectively; these results are somewhat different from the two hydrodensitometric assumptions of 0.9007 and 1.1000 g/cm 3 .
A further concern is the biological variability of the 48 FFM densities that were calculated via the fourcompartment model. They ranged from 1.0974 to 1.1177 g/cm 3 , with a SD (0.0049 g/cm 3 ) that was equivalent to Ϯ1.6% BF; the differences between the four-compartment criterion model and conventional hydrodensitometry by using the equation of Brozek et al. (3) spanned Ϫ0.9 to 5.9% BF. Although there were no significant activity level and gender differences for FFM hydration, the BMM/FFM (%) for women was significantly greater (P Ͻ 0.001) than that for men. An attempt was therefore made to minimize differences between the four-compartment criterion model and the two-compartment hydrodensitometric model by developing genderspecific equations for the latter [men: %BF ϭ (483.7/ BD) Ϫ 437.0; women: %BF ϭ (481.2/BD) Ϫ 434.3] by using the four-compartment FFM densities of 1.1068 and 1.1081 g/cm 3 for the men and women, respectively. The range of the 48 differences between the fourcompartment criterion model and our revised equations for the two-compartment model was less biased and decreased slightly (Ϫ3.3 to 3.1% BF). Although our TBW and BMM were not directly measured in cadavers, the small SDs for these variables may justify our generation of new gender-specific two-compartment equations. Siri (21) stated that the population SD, because of biological variability in FFM density, was 0.0084 g/cm 3 (3.8% BF). He identified the variation in FFM hydration (Table 2 : SD ϭ 1.1%; range ϭ 70.4-75.1%) as the largest source of error and accordingly proposed a three-compartment model (FM, TBW, FFDM) that is based on measurements of both BD and Fig. 3 . %BF difference between 3-and 2-compartment (C) models graphed against %BF via 4C model. Symbols are defined as in Fig. 2 . (25) . The mean of 72.0% is similar to those for our four groups, which ranged from 72.2 to 72.8% (overall mean ϭ 72.4%). For this reason we used a constant of 72% when estimating the %BF from TBW as opposed to the two-compartment hydrodensitometric assumption of 73.72%, which is based on analyses of fewer cadavers. Hence the former constant produced %BFs (overall mean ϭ 19.4% BF) that were closer to those for hydrodensitometry (overall mean ϭ 17.4% BF) than the latter constant (overall mean ϭ 21.2% BF) because it was more typical of the subjects' FFM hydration [overall mean ϭ 72.4 Ϯ 1.1 (SD) %]. Nevertheless, Fig. 2A indicates that five of the individual differences between the above-mentioned two-compartment models were Ն5.0% BF. This reflects the different assumptions of the two methods. Hence, if the FFM hydration is greater than the assumed constant, then isotopic dilution will underestimate the %BF, whereas the converse applies to hydrodensitometry because the increased water reduces FFM density.
Interestingly, the DEXA %BF for the trained men was 3.5% lower than that via the four-compartment model compared with 0.4 to 1.3% BF lower for the three other groups. The DEXA fat score is based on the inverse linear relationship between %BF and the ratio of the attenuations at 40 and 70 keV for each pixel that contains at least 3 g/cm 2 of soft tissue but Ͻ0.05 g/cm 2 of bone (14) . A small change in the slope of this line would therefore have a greater impact on subjects with high or low %BF than on those whose levels are nearer the middle of the distribution. Perhaps another contributory factor for our lean subjects is that essential fat, which has a greater density (15) and hence higher attenuation than triglyceride, comprises a much larger percentage of the FM than in more overweight subjects. Nevertheless, DEXA has advantages in that it is atraumatic, expedient, does not rely on the assumptions of the two-compartment models, and yields data on BMC.
The deviations from the horizontal dotted line at zero on the ordinate in Fig. 3 represent the large errors (range from Ϫ1.5 to 5.6% BF) that occur when the experimenter does not control for interindividual variability in TBW but instead makes the two-compartment BD model assumption that 73.72% of the FFM is water. The variability of these errors was due to the wide range of FFM hydration that Fig. 4 indicates was from 70.4 to 75.1%. Forty-two of the forty-eight subjects had FFM hydrations that were below the two-compartment BD assumption of 73.72%. Figure 4 clearly demonstrates that the smaller the FFM hydration, the larger the tendency for the two-compartment BD model to yield lower %BF than the three-compartment model. This is because, all other things being equal, the FFM density increases as the degree of hydration decreases below the two-compartment BD assumed constant of 73.72%, because water has by far the lowest density (0.9937 g/cm 3 at 36°C) (13) of any of the four FFM components. Hence, as the FFM density increases above the assumed constant of 1.1000 g/cm 3 , the greater the extent to which the two-compartment BD model will underestimate the %BF. Notwithstanding the lack of independence between the variables on both axes of Figs. 3 and 4, these data indicate that the threecompartment model is more valid than the twocompartment model because it controls for biological variability of the large and acutely variable TBW compartment.
A limitation of expressing the TBW as a percentage of the FFM derived via the four-compartment model is that the former variable is also embedded within the denominator (10) . The FFM estimate is therefore not independent of the measured TBW. Although this approach is preferable to one using a less accurate estimate of the FFM, it does reduce the variability within the sample for FFM hydration (10) . This applies to a lesser extent to BMM because it comprises a much smaller percentage of the FFM. Figure 6 shows that the greater the percentage of BMM in the FFM, the greater the density of the four-compartment FFM. This is logical because BMM has the relatively high density of 2.982 g/cm 3 . However, when the %BF differences between the four-and threecompartment models are graphed against the %BF from the four-compartment criterion model, the individual deviations from zero on the ordinate are very small (Fig. 5: range from Ϫ0.4 to 0.8% BF). These differences from zero represent the error remaining after control for interindividual variability in TBW but not in BMM. Clearly, little extra accuracy is gained by measuring the latter. These contrasting effects for control of biological variability in TBW and BMM can be attributed to differences between our data and the classic cadaver constants (3) on which the two-and three-compartment models are based. The mean FFM hydration of 72.4% for our combined group was lower than that of 73.72% for the classic cadaver analyses and ranged from 70.4 to 75.1% with a SD of 1.1%. Conversely, the BMM/FFM (%) for our combined group of 5.91% was slightly greater than that of 5.63% for the classical cadaver analyses but only ranged from 4.96 to 7.05% with a lower SD of 0.49%. If the FFM hydration is less than that for the classical cadaver analyses (3), then the combined percentage of the remaining three FFM components must increase. However, the small differences between the four-and three-compartment models displayed in Fig. 5 support the contention that the three-compartment assumption of a total mineralto-protein ratio of 0.354 (3), with an overall density of 1.569 g/cm 3 (26) , remained essentially unchanged.
The residual mass in our four-compartment model comprises mainly protein, which is 19.41% FFM in the classic cadaver analyses (3), plus some nonbone mineral (1.24% FFM) (3) and glycogen (Ͻ1% body mass). Several investigators have estimated nonbone mineral from its ratio to BMM in the three cadaver analyses to yield a value for total body mineral (2, 8, 11, 20) . This has enabled them to partition the remaining body mass into fat and protein. Such a procedure ignores the small glycogen component, which was presumably not considered in the cadaver analyses because of its relatively small amount and rapid postmortem autolysis, and uses a density of 1.34 g/cm 3 for hydrated protein (9) . However, the glycogen stores have a density (glucose ϭ 1.562 g/cm 3 ) (24) that is similar to 1.565 g/cm 3 for the much larger FFDM compartment (protein and mineral) identified by Siri (21) in his three-compartment model. Nevertheless, it was decided instead to use the density of 1.404 g/cm 3 at 37°C reported by Allen et al. (1) for the dry fat-and bone mineral-free mass (i.e., protein, nonbone mineral, and glycogen), which is based on measurements of 364 human and animal tissue samples.
Notwithstanding the methods used to calculate FFM density after removal of the TBW and BMM, the four-compartment equations of Baumgartner et al. (20) all produced means that differed by no more than 0.7% BF from the overall mean for our 48 subjects. This is not surprising because all investigators are relying on the same cadaver analyses and density values.
The preceding discussion demonstrates how the fourcompartment model is an improvement over the twocompartment hydrodensitometric model because it controls for biological variability in TBW and BMM. However, although greater validity should be associated with the measurement of more compartments, there is some concern that this extra control may be offset somewhat by the propagation of measurement error associated with the determinations of BD, TBW, and BMM. A worst-case scenario for this propagation of error can be calculated by assuming that the squared errors or error variances (SEE 2 or TEM 2 ) are independent and additive (22 Test-retest reliability data collected in our laboratory on five to six subjects, who were representative of our study group, yielded SDs for total or propagated error of 1.0 and 0.6% BF for SEE and TEM, respectively. The former is slightly less than the ϳ1.6% BF proposed by Heymsfield et al. (11) . The SEE includes both betweenand within-subject error variance, whereas the TEM, which is the SE of a single measurement (4), considers only the latter. The SD for the total error via the TEM is therefore less than that from the SEE. Nevertheless, both errors are much less than 3.8% BF (21) because of interindividual variability in FFM density when body composition is estimated via the two-compartment hydrodensitometric model. The theoretical extra accuracy of the four-compartment model would therefore not be offset by the propagation of measurement error. Our propagated errors may well represent the technical limits of precision for the measurement of %BF via the indirect four-compartment model. However, although great confidence can be placed in the numbers used for the densities of water and chemically extracted fat from adipose tissue, there will be some unaccounted error because of four-compartment model assumptions, such as those for the densities of bone and residual (dry, fat-, and bone mineral-free) masses and the use of a 4% correction factor for nonaqueous hydrogen exchange when the TBW is estimated via 2 H 2 O dilution. In summary, our limited data on 48 subjects suggest that conventional hydrodensitometry underestimates the %BF because the four-compartment body composition model indicates that the FFM density is Ͼ1.1000 g/cm 3 . Furthermore, DEXA yields lower %BF values than the four-compartment model in very lean subjects. Finally, differences between the two-compartment hydrodensitometric and four-compartment models were significantly associated with biological variability in FFM hydration. Differences between these two models were not significantly associated with interindividual variability in BMM, which provided only a marginal increase in accuracy.
